1
Iron(II) is probably the preferred nutrient for phytoplankton 2 and iron(III) is considered to be an efficient catalyst for the auto oxidation of SO2 to SO4 2-in clouds. 3, 4 On the other hand, Fe(II) is important in the transport and storage of oxygen in higher animals by means of hemoglobin and myoglobin, while Fe(III) will not bind to oxygen. 5 Because of this fact and owing to the presence of iron in environmental and biological materials, and a lack of sufficient knowledge concerning the role of the two oxidation states of this element, the determination of both Fe(II) and Fe(III) is of great importance.
Several spectrophotometric methods for the determination of oxidation states of iron using chelating agents were reported. [6] [7] [8] [9] [10] [11] In some of these methods, reagents such as 1,10-phenanthroline, 6 bathophenanthroline 7 and ferrozine 8 were used for the selective determination of iron(II). After the reduction of iron(III) to iron(II), total iron was determined. Other methods used tiron, 9 1-(2-pyridylazo)-2-naphtol (PAN) 10 and desferal 11 as chelating agents for iron (III) . In this case, it is necessary to oxidize iron(II). Using chelating agents combined with on-line preconcentration-spectrophotometric 12, 13 and chemiluminescence 14, 15 detection is the basis of the same highsensitivity analytical methods for the determination of iron. This method requires selective chelating agents for iron(II) and iron(III).
Flow-injection analyses (FIA), especially for spectrophotometric speciation of metallic ions, have gained much interest in recent years because of their simplicity, high reproducibility and possibility of coupling different detection systems. Combination FIA and kinetic catalytic methods introduce analytical methods with high sensitivity, sufficient accuracy and reproducibility. Some flow-injection methods with spectrophotometric, [16] [17] [18] optoelectrochemical, 19 electrochemical 20 and chemiluminescence 21 detection systems have been reported for the speciation of iron. The spectrophotometric procedures [16] [17] [18] have a higher limit of detection 16, 17 and/or suffer from many interfering ions, such as Zn(II) and Co(II). A few flow-injection spectrophotometric methods have been reported for sequential or simultaneous determinations of Fe(II) and Fe(III). 16, [24] [25] [26] [27] However, all of these reported methods have a higher limit of detection (> 0.15 µg ml -1 ) compared to the proposed method, and suffer from many interfering ions at an equal amount of Fe(II) concentration, 24, 26, 27 and/or have a short linear dynamic range. 24, 26 In the present work, a new flow-injection method is proposed for the sequential determination of iron(II) and iron(III) based on the catalytic effect of iron(II) on the oxidation of iodide by bromate in the presence of oxalate as an activator. Increasing the absorbance of triiodide (I3 -) at 352 nm was used for monitoring the reaction. Two sample plugs were injected into the carrier stream sequentially. One injection is used for the determination of iron(II) and the second injection is used after passing through a Cd-Hg reductor column and reducing iron(III) to iron(II) for a total iron determination.
Experimental

Reagents and chemicals
All of the chemicals were of analytical reagent grade and were used without further purification.
A stock iron solution containing 1000 µg ml -1 Fe(II) and Fe(III) was prepared by dissolving 0.7021 g of Fe(NH4)2(SO4)2·6H2O and 0.4889 g FeCl3·6H2O in 0.1 M sulfuric acid in a 100-ml volumetric flask, respectively. The Fe(III) solution was standardized by using EDTA as a complexing agent and variamine blue as an indicator. 22 A 0.14 M stock solution of potassium iodide was prepared by dissolving 2.3240 g of potassium iodide (Merck) in a 100-ml volumetric flask. A stock solution of sodium oxalate, 2.5 × 10 -3 M, was prepared by dissolving 0.0335 g of sodium oxalate in 100-ml volumetric flasks. A buffer solution (pH = 4.0) was prepared by mixing appropriate amounts of a 0.20 M acetic acid solution with a 0.20 M sodium hydroxide solution and adjusting the pH of the solution. The carrier solution was composed of a 0.20 M acetic acid/sodium acetate solution. The reducing CdHg column was prepared by washing cadmium granules (0.5 -1.5 mm, Merck) with 0.10 M HCl, followed by extensive washing with double-distilled water, and treated with a 2% (W/V) Hg(NO3)2 solution for ca. 5 min. The amalgamated cadmium was washed with double-distilled water and packed into an 8 cm long Teflon column with 2.0 mm i.d. sealed with glass wool at the extremities. A glass-filled column with a length of 15 cm was prepared similar to that described for a reductor column, except that glass granules were used instead of cadmium granules. Figure 1 shows the flow injection manifold under the optimum conditions. Two sample zones were injected sequentially via a six-port Rheodyn injection valve. A 12-channel peristaltic pump (Desaga) and an 8-channel peristaltic pump (Ismatiec, Model MCP Standard V-7.00) were used for delivering the reagent solutions and carrier solution, respectively. A reducing Cd-Hg Teflon column (2.0 mm i.d.) was introduced in a FIA system for converting Fe(III) to Fe(II). A glass-filled column was used parallel to the reducing column, while omitting the calibration correction coefficient of iron(II) signals. A selection valve was used for passing the injected sample plugs through the reducing and glass filled column, sequentially. Silicon rubber tubes with 1.0 and 1.5 mm i.d. were used as flow lines for reagents and carrier solution, respectively. Teflon tubing (1.0 mm i.d.) was used for mixing and reaction coil. Data acquisition of the flow-injection peaks was obtained using a spectrophotometer (Shimadzu, Model 6AV) equipped with a flow cell (20 µl volume), whose output was connected to a computer and then to a recorder (Shimadzu, Model C-R4AX). A thermostat water bath (Gallen Kamp, BGL) was used at given temperature of interest. Spectrum measurements were made using a spectrophotometer (Jasco, Model V-570). A pH-meter (Schott, Model CG-825) equipped with a combined glass membrane electrode was used for checking the pH of the buffer solutions.
Apparatus
Procedure
Two sample plugs (280 µl) were injected into the carrier (0.20 M acetic acid/sodium acetate buffer solution (1:1)) sequentially. One was used for iron(II) determination and the other for the total iron determination.
In the first injection (iron(II) determination), the sample plug passed through the glass-filled column via a selection valve (Fig. 1) , and was then mixed with the R2 stream (oxalate solution buffered at pH = 4.0), R3 stream (bromate solution buffered at pH = 4.0) and the R4 stream (iodide solution). After mixing at point M2 ( Fig. 1) , the reaction mixture passed to the spectrophotometric cell and the absorbance of produced triiodide was recorded at 352 nm. In the second injection (total iron determination), the selection valve allowed the sample plug to pass through the reducing column. After reduction of iron(III) to iron(II), the sample zone was mixed with the R2, R3 and R4 streams at point M2 (Fig. 1) . The reaction mixture passed to the spectrophotometric cell while the absorbance of the produced triiodide was measured at 352 nm. Two sequential peaks were observed for the two injections. The first peak height corresponded to iron(II) and the second peak height to the sum of iron(II) and iron(III). The peak height, proportional to iron(III) could be obtained by subtraction.
Results and Discussion
Bromate reacts with iodide in acidic media to produce triiodide according to the following reaction:
The rate equation for reaction (1) can be written as follows:
where k is the rate constant. The recommended mechanism for reaction (1) is as the follow:
[IBrO2] + I -→ I2 + BrO2 -(slow),
BrO2 -+ 4I -+ 4H + → I2 + Br -+ 2H2O (fast).
It was found that reaction (1) is very slow at pH = 4.0. On the other hand, the oxidation of iodide by bromate is catalyzed by an ultra trace amount of iron(II) in the presence of oxalate ion as an activator. Iron(II) can accelerate the production of BrO2 -according to the following reactions: 
The reaction can be followed spectrophotometrically by monitoring the increase in the absorbance at 352 nm due to the production of triiodide. Because of no considerable catalytic effects of iron(III), due to the formation of a complex with oxalate, iron(II) and iron(III) can be determined sequentially by using a Cd-Hg reducing column for reduction of iron(III) to iron(II). It is important to design the manifold so that the initial Fe(III) mixes with oxalate (at M1, Fig. 1 ) before mixing with other reagents (M2, Fig. 1 ) to form a stable complex. On the other hand, the Fe(III) produced by the catalytic reaction cycle of Fe(II), Eq. (7), does not have sufficient time to form a stable complex with oxalate ions. In addition, for the reduction of Fe(III) to Fe(II), we used a Cd-Hg column because of the point that general solid reducing agents, such as the Jones reductor or the Walden reductor, just work in acidic media, while under this condition other soluble reducing agents may cause chemical interference in the determination.
Influence of the concentration
The effects of the pH and concentration of the reagents on the sensitivity (peak heights) were studied with a reaction coil of 200 cm length, a sample volume of 200 µl, a reagent flow rate of 20 ml h -1 , a carrier flow rate of 30.5 ml h -1 , an 0.10 M acetic acid/sodium acetate solution as a carrier solution and a temperature of 30˚C. In this study, the selection valve allowed sample plug passes through a glass-filled column with a length of 10 cm. Optimization was carried out using the univariable method. Figure 2 shows the effect of the pH on the peak height over the range of 3.0 -5.5. The results show that by increasing the pH values, the peak height due to iron(II) increased up to pH = 4.0, whereas a higher pH value caused a slight decrease in the signal. This is due to the fact that, at low pH values, the blank reaction goes so fast, and therefore the catalytic role of iron(II) decreases, whereas at higher pH values, (> 4.0) the oxidation ability of bromate decreases. Thus, an acetate buffer with a pH of 4.0 was selected for further study. In addition, the change in the concentration of the buffer solution had no considerable effect on the peak height of Fe(II).
The effect of the bromate concentration on the sensitivity was studied in the range of 0.025 -0.12 M with a 1.0 µg ml -1 Fe(II) concentration (Fig. 3) . The results show that an increase in the bromate concentration up to 0.10 M resulted in an increase of the peak height, whereas a higher concentration of the reagent caused a decrease in the sensitivity. Therefore, a 0.10 M bromate concentration was selected. Figure 4 shows the effect of the oxalate (activator) concentration on the sensitivity over the range of (0.0 -3.0) × 10 -3 M with a 1.0 µg ml -1 Fe(II) solution. The experimental results showed that with increasing oxalate concentration up to 2.0 × 10 -3 M, the sensitivity increased and then leveled off. Thus, a 2.5 × 10 -3 M oxalate concentration was selected for further investigation.
The influence of the iodide concentration on the peak height (sensitivity) was studied with a 1.0 µg ml -1 Fe(II) concentration. Figure 5 shows that by increasing the iodide concentration up to 0.12 M, the sensitivity increased and then leveled off. Therefore, a 0.14 M iodide concentration was selected. ; carrier flow rate, 30.5 ml h -1 at 30˚C. 
Influence of FIA variables, temperature and carrier
The variables studied were the flow rate of the reagents, length of the reaction coil, reducing and glass-filled columns, the carrier flow rate, the carrier concentration, the injection volume and the temperature at the optimum concentration of the reagents.
The influence of the flow rate of the reagents on the sensitivity was checked over the range of 14 -26 ml h -1 (for each channel) and with a pH of 4.0, 0.14 M iodide, 0.10 M bromate, 0.0025 M oxalate, a 0.10 M carrier concentration, 1.0 µg ml -1 of Fe(II), a reaction coil length of 200 cm, an injection volume of 200 µl, and a carrier flow rate of 30.5 ml h -1 at 30˚C. The results showed that at a flow rate greater than 17 ml h -1 , due to a decrease in the residence time of the reaction zone in the system, the sensitivity decreased. Thus, a flow rate of 17 ml h -1 for each channel was selected.
The effect of the length of the reaction coil on the sensitivity was studied in the range of 100 -300 cm with a pH of 4.0, 0.14 M iodide, 0.10 M bromate, 0.0025 M oxalate, a 0.10 M carrier concentration, 1.0 µg ml -1 of Fe(II), reagents flow rate of 17 ml h -1 , an injection volume of 200 µl, and a carrier flow rate of 30.5 ml h -1 at 30˚C. The results show that the sensitivity increased with increasing length of the reaction coil up to 200 cm, above which the signal increased slightly. Because of this, a reaction coil length of 200 cm was selected for further studies.
The effect of the Cd-Hg reducing column length on the sensitivity was studied over the range of 3 -12 cm. In this study a sample plug was passed through the reducing column via a selection valve. The results showed that with increasing length of the reducing column up to 8 cm, the sensitivity increased because the conversion of Fe(III) to Fe(II) increased and, as a result, the sensitivity increased. At a longer length of 8 cm, the sensitivity was nearly constant. Therefore, a reducing column with a filled length of 8 cm was selected.
In order to eliminate the dispersion effect of the reducing column (Cd-Hg) on the signal of Fe(II) in the second injection port, a glass-filled column was used and placed in the way of first injection sample port. The influence of the glass-filled column length on the signal produced from injection of 1.0 µg ml -1 Fe(II) solution was studied. The obtained results showed that when a glass-filled column with a length of 15 cm was introduced in the FIA manifold parallel to the reducing column, the produced signal for injection of iron(II) in first injection (iron(II) determination) was equal to that second injection (total iron determination). Therefore, there was no need to find any correction coefficient for iron(II) signal (due to its dispersion in the reducing column) in the calculation of iron(III) signal.
The effect of the carrier flow rate on the sensitivity of iron(II) and iron(III) determination was studied over the range of 25.0 -30.5 ml h -1 with a 1.0 µg ml -1 Fe(II) and Fe(III) concentration. In this study a sample plug was passed through the reducing column via a selection valve. The results showed that for iron(II) injection, the signal decreased slightly with increasing the carrier flow rate due to a decrease in the time of the reaction. On the other hand, when iron(III) was injected, the lower flow rates gave a lower sensitivity and a broad peak was produced. In addition, at a greater flow rate of 26 ml h -1 , the peak height decreased due to the decrease in time of reaction and Fe(II) reduction efficiency. Thus, a pump flow rate of 26 ml h -1 for the carrier solution was selected.
The effect of the concentration of the carrier solution concentration on the sensitivity was studied over the range of 0.05 to 0.30 M of acetic acid/sodium acetate (1:1 mixture) with a 1.0 µg ml -1 Fe(III). The results showed that by increasing the carrier solution concentration up to 0.20 M, the sensitivity increased due to the increase in the elution capability of carrier ; carrier flow rate, 30.5 ml h -1 at 30˚C. solution, whereas at greater concentration, the increase in the sensitivity leveled off. Thus, a 1:1 mixture of acetic acid/sodium acetate with a concentration of 0.20 M was used as the carrier solution. In addition, the influence of the carrier concentration on the peak height of Fe(II) was studied. The results showed that the change in the concentration of the carrier solution did not have any considerable effect on the Fe(II) peak height.
The injection sample volume was varied between 180 -300 ml. The results showed that the peak height increased with increasing sample volume up to 280 µl. At greater volumes, the sensitivity increased slightly, the peak was broadened and the sample throughput became slow. As a result, a sample volume of 280 µl was selected.
The influence of the temperature on the peak height was studied over the range of 10 -40˚C under the optimum reagent concentration and manifold conditions. The results showed that by increasing the temperature up to 35˚C, the peak height increased, whereas the high temperature caused a decrease in the sensitivity. Therefore, 30˚C, which corresponding to room temperature, was selected.
Analytical parameters
Under the optimized conditions shown in Fig. 1 , mixed (1:1) standard solutions of iron(II) and iron(III) were injected. The injected sample zones were passed through a glass-filled column (Fe(II) determination) and a reducing column (total iron determination), sequentially. The results showed that the calibration graph for iron(II) is linear over the range of 0.05 -5.00 µg ml -1 with a regression equation of ∆A = 4.90 × 10 -4 + 0.174CFe(II) (r = 0.9999, n = 10). For iron(III) in the concentration range of 0.10 -5.00 µg ml -1 , the regression equation ∆A = 4.6 × 10 -3 + 0.074CFe(III) (r = 0.9990, n = 9) was obtained. A typical FIA signals is shown in Fig. 6 .
The relative standard deviation for ten replicate measurements of 0.10 and 5.0 µg ml -1 Fe(II) was 1.8 and 0.8%, respectively and for ten replicate determinations of 0.50 and 4.0 µg ml -1 Fe(III) was 2.4% and 1.1%, respectively.
The experimental limits of detection (three-times the background noise) were 0.03 and 0.04 µg ml -1 for iron(II) and iron(III), respectively.
Selectivity
Under the optimum conditions, the influence of various foreign ions for the determination of 0.80 µg ml -1 Fe(II) and Fe(III) was studied to check the selectivity of the proposed method. The results are given in Table 1 . The tolerance limit was defined as the concentration of added ion causing a relative error of less than 3%. Many ions did not interfere, even when present in 100 to 1000-fold excess over Fe(II) and Fe(III).
Analysis of iron in pharmaceutical products
The proposed method was applied to the analysis of Fe(II) and Fe(III) in pharmaceutical products. Pharmaceutical tablet and capsule solutions were prepared by dissolving each tablet in 10 ml of 4.0 M sulfuric acid, and heating it in a water bath (70˚C) to completely dissolve. The solution was then filtered with a filter paper (Whatman No. 1), and the filtrate was diluted with water into a 1000-ml volumetric flask. Then, 5.0 ml of the solution was diluted to 250 ml with water, and the iron contents were measured by the proposed method with the standard addition method. For the oral iron drop pharmaceutical samples, 1.0 ml of the sample was diluted with water in a 250-ml volumetric flask, and then 1.0 ml of the diluted solution was diluted again with water to 100 ml. Then, the iron content was measured according to the recommended procedure. In order to evaluate the validity of the proposed method for the determination of iron ions, a recovery study was carried out on samples to which definite amounts of Fe(II) and Fe(III) standards were added. The results are given in Table 2 . The purposed sequential FIA-spectrophotometric method is rapid, automatic, sensitive and selective, and represents a direct method for the speciation and determination of iron ions. Additionally, the method does not require sophisticated instruments.
With the proposed FIA method it is possible to speciate and determine iron ions at trace levels. The method is very simple, rapid, sensitive and relatively selective for the determination of iron ions. The procedure is suitable for the analysis of various pharmaceutical samples, with satisfactory results. 
